Tamoxifen, an estrogen receptor-␣ (ER) antagonist, is an important agent for the treatment of breast cancer. However, this therapy is complicated by the fact that a substantial number of patients exhibit either de novo or acquired resistance. To characterize the signaling mechanisms underlying this resistance, we treated the MCF7 breast cancer cell line with tamoxifen for over six months and showed that this cell line acquired resistance to tamoxifen in vitro and in vivo. We performed SILAC-based quantitative phosphoproteomic profiling on the tamoxifen resistant and vehicle-treated sensitive cell lines to quantify the phosphorylation alterations associated with tamoxifen resistance. From >5600 unique phosphopeptides identified, 1529 peptides exhibited hyperphosphorylation and 409 peptides showed hypophosphorylation in the tamoxifen resistant cells. Gene set enrichment analysis revealed that focal adhesion pathway was one of the most enriched signaling pathways activated in tamoxifen resistant cells. Significantly, we showed that the focal adhesion kinase FAK2 was not only hyperphosphorylated but also transcriptionally upregulated in tamoxifen resistant cells. FAK2 suppression by specific siRNA knockdown or a small molecule inhibitor repressed cellular proliferation in vitro and tumor formation in vivo. More importantly, our survival analysis revealed that high expression of FAK2 is significantly associated with shorter metastasis-free survival in estrogen receptor-positive breast cancer patients treated with tamoxifen. Our studies suggest that FAK2 is a potential therapeutic target for the management of hormone-refractory breast cancers. Molecular & Cellular
Tamoxifen, an estrogen receptor-␣ (ER) antagonist, is an important agent for the treatment of breast cancer. However, this therapy is complicated by the fact that a substantial number of patients exhibit either de novo or acquired resistance. To characterize the signaling mechanisms underlying this resistance, we treated the MCF7 breast cancer cell line with tamoxifen for over six months and showed that this cell line acquired resistance to tamoxifen in vitro and in vivo. We performed SILAC-based quantitative phosphoproteomic profiling on the tamoxifen resistant and vehicle-treated sensitive cell lines to quantify the phosphorylation alterations associated with tamoxifen resistance. From >5600 unique phosphopeptides identified, 1529 peptides exhibited hyperphosphorylation and 409 peptides showed hypophosphorylation in the tamoxifen resistant cells. Gene set enrichment analysis revealed that focal adhesion pathway was one of the most enriched signaling pathways activated in tamoxifen resistant cells. Significantly, we showed that the focal adhesion kinase FAK2 was not only hyperphosphorylated but also transcriptionally upregulated in tamoxifen resistant cells. FAK2 suppression by specific siRNA knockdown or a small molecule inhibitor repressed cellular proliferation in vitro and tumor formation in vivo. More importantly, our survival analysis revealed that high expression of FAK2 is significantly associated with shorter metastasis-free survival in estrogen receptor-positive breast cancer patients treated with tamoxifen. Our studies suggest that FAK2 is a po- Approximately 70% of all breast tumors express estrogen receptor (ER) 1 and are classified as estrogen receptor-alpha positive (ERϩ) breast cancers (1) . Activation of ER by its ligand estrogen (E2), plays an essential role not only in regulating normal mammary gland development but also in the progression of hormone dependent breast cancer (2) . Tamoxifen, a selective ER modulator (SERM), competes with E2 binding on ER and induces conformational changes leading to inactivation of ER (3, 4) . Tamoxifen has been used for the treatment and prevention of breast cancer for more than three decades (5, 6) . However, up to 40% of patients receiving tamoxifen adjuvant therapy develop recurrent disease within 5 years (7, 8) . This resistance to tamoxifen and other endocrine therapy remains a major challenge in breast cancer management.
During the past two decades, a large battery of studies has been carried out to explore the mechanisms underlying resistance to endocrine therapy. One important mechanism for the development of resistance is a shift of tumor cells from growth dependent on estrogenic steroids to growth driven by growth factor signaling pathways which is independent of estrogenic steroids (9, 10) . For example, activation of receptor tyrosine kinases, such as EGFR, HER2 and IGF-1R (11) (12) (13) (14) (15) and their downstream signaling pathways including PI3K/AKT and MAPK pathways have been linked to endocrine therapy resistance (16 -18) . However, early clinical trials combining tyrosine kinase inhibitors (TKIs), farnesyltransferase (RAS) inhibitor, or mammalian target of rapamycin (mTOR) inhibitors with endocrine therapy have been disappointing (19, 20) . Therefore, there is an urgent need to further delineate the molecular mechanisms of endocrine resistance to identify novel therapeutic targets.
Recent advances in mass spectrometry have enabled researchers to identify and quantify thousands of proteins and phosphorylated peptides from in vitro and in vivo models. However, in contrast to a large number of genomic and transcriptomic studies investigating the mutational and gene expression changes involved in endocrine resistance, only a handful of proteomic-based studies have been reported (21) (22) (23) (24) (25) (26) and only two of these studied the phosphoproteomic alterations in endocrine resistant cells (21, 22 ). In the current study, we employed stable isotope labeling by amino acids in cell culture (SILAC)-based quantitative mass spectrometry approaches to identify the signaling pathways activated in tamoxifen resistant breast cancer cells derived from the ERϩ MCF7 breast cancer cell line with long-term (Ͼ6 months) tamoxifen treatment. In order to comprehensively profile the phosphoproteome of the tamoxifen resistant cells, we employed two phosphopeptide enrichment approaches: antiphosphotyrosine antibody to capture tyrosine phosphorylated peptides and TiO 2 beads to enrich for serine/threonine phosphorylated peptides prior to LC-MS/MS analysis. Our study identified and quantified 5640 unique phosphopeptides corresponding to 2189 proteins, thereby generating the largest quantitative phosphoproteomic data set to date for tamoxifen resistant breast cancer cells. This enabled us to investigate the signaling mechanisms of tamoxifen resistance in a much more comprehensive manner compared with other published studies. We identified multiple signaling pathways activated in tamoxifen resistant cells with the focal adhesion pathway being one of the most enriched pathways. More importantly, we discovered the non-receptor tyrosine kinase, PTK2B (more widely known as FAK2 or PYK2) to be hyperphosphorylated and up-regulated in cells with tamoxifen resistance. Suppression of FAK2 with siRNA knockdown or a small molecule pharmacological inhibitor significantly inhibits the resistant cell proliferation and tumor formation in a xenograft mouse model. Thus our study demonstrates the potential of FAK2 as a novel therapeutic target for the treatment of endocrine resistant breast cancer.
EXPERIMENTAL PROCEDURES
Cell Culture and Establishment of Tamoxifen Resistant Cells-MCF7 was purchased from American Type Culture Collection (ATCC, Manassas, VA). To establish the tamoxifen resistant cell line (MCF7-TamR), MCF7 cells were grown in RPMI 1640 medium with 5% FBS and 1 M tamoxifen (Sigma, St. Louis, MO) for more than 6 months. MCF7 control cells (MCF7-CTRL) were cultured in RPMI 1640 medium supplemented with 5% FBS and 0.1% ethanol as vehicle. In order to label cells with stable isotopic amino acids, MCF7-CTRL and MCF7-TamR cells were propagated in RPMI 1640 SILAC media (Thermo Fisher Scientific, Waltham, MA) with 5% FBS supplemented with light lysine (K) and arginine (R) for light and 13 C 6 15 N 2 -K and 13 C 6 15 N 4 -R for heavy state labeling (Cambridge Isotope Laboratories, Tewksbury, MA). The labeling efficiency was confirmed by mass spectrometry analysis.
Immunoblotting and siRNA Knockdown-Cells were harvested and lysed in modified RIPA buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1 mm EDTA, 1% Nonidet P-40, 0.25% sodium deoxycholate, and 1 mM sodium orthovanadate in the presence of protease inhibitors). Whole-cell protein extracts were denatured and separated in Nu-PAGE gels (Invitrogen, Grant Island, NY), transferred to nitrocellulose membranes, and probed with primary antibody followed by horseradish peroxidase-conjugated secondary antibodies. Primary antibodies used were pFAK1-Tyr576/577 (3281), FAK1 (4332), pFAK2-Tyr402 (3291), FAK2 (3480S), pPaxillin-Tyr118 (2541S), Paxillin (2542S), Claudin-1 (13255), E-Cadherin (3195), N-Cadherin (13116), Slug (9585), Snail (3879), TCF8/ZEB1 (3396), Vimentin (5741), ZO-1 (8193) and ␤-Catenin (8480) purchased from Cell Signaling Technology (Danvers, MA), ␤-ACTIN (A5316, Sigma, St. Louis, MO) and 4G10 anti-phosphotyrosine antibody (Millipore, Belerica, MA). 50 nM siRNAs (AM51331 from Ambion, Austin, TX and CACCAGGAGCAUAU-CAACAUA from Dharmacon, Lafayette, CO) targeting FAK2 were used for transfections with RNAiMax (Invitrogen, Grant Island, NY). Cells were harvested 48 h post transfection for assessing knockdown efficiency or other follow-up experiments.
In-solution Trypsin Digestion-Cell lysates were prepared in urea lysis buffer containing 20 mM HEPES pH 8.0, 9 M urea, 1 mM sodium orthovanadate, 2.5 mM sodium pyrophosphate, 1 mM ␤-glycerophosphate and 5 mM sodium fluoride. Protein estimation was carried out using BCA protein assays. Equal amount of protein from heavy labeled MCF7-CTRL and light labeled MCF7-TamR cell lysates was mixed, reduced with 5 mM dithiothreitol and alkylated with 10 mM iodoacetamide. Lysates were then diluted to less than 2 M urea final concentration using 20 mM HEPES (pH 8.0) and in-solution digestion was carried out using TPCK-treated trypsin. The tryptic peptides were desalted using C 18 reverse phase column (Waters, Milford, MA) and eluted peptides were lyophilized and subjected to phosphopeptide enrichment.
Immunoaffinity Purification of Phosphotyrosine Peptides-The phosphotyrosine peptide enrichment was performed according to the manufacturer's protocol (Cell Signaling Technology). Briefly, 250 g anti-phosphotyrosine antibody (pY100, Cell Signaling Technology) was used to immunoprecipitate (IP) tyrosine phosphorylated peptides in IP buffer containing 50 mM MOPS pH 7.2, 10 mM sodium phosphate, 50 mM NaCl. The enriched phosphopeptides were eluted using 0.1% TFA, and the eluted phosphopeptides were desalted using C 18 STAGE tips, vacuum dried and kept at Ϫ80°C before liquid chromatography-mass spectrometry (LC-MS) analysis.
TiO 2 -based Phosphopeptide Enrichment-Peptides were fractionated by strong cation exchange (SCX) chromatography as described earlier (27) . Briefly, 10 mg of lyophilized peptides mixture was resuspended in 1 ml of SCX solvent A (5 mM KH 2 PO 4 pH 2.7, 30% ACN) and separated on a PolySULPHOETHYL A column (5 m, 200 Å, 200 ϫ 9.4 mm; PolyLC Inc., Columbia, MD) with an increasing gradient of SCX solvent B (5 mM KH 2 PO 4 pH 2.7, 30% ACN, 350 mM KCl) on an Agilent 1100 HPLC system. In total, 15 fractions were collected. Each fraction was subjected to TiO 2 -based phosphopeptide enrichment as described earlier (28) . Briefly, each fraction was resuspended in DHB solution (80% ACN, 1% TFA, 3% 2,5-dihydroxybenzoic acid (DHB)) and incubated with TiO 2 beads for 2 h. Phosphopeptidebound TiO 2 beads were sequentially washed with DHB solution followed by 80% ACN in 1% TFA). Peptides were eluted with 40 l of 2% ammonia into 10 l of 2% TFA.
Liquid Chromatography Tandem Mass Spectrometry-Liquid chromatography-tandem mass spectrometry (LC-MS/MS) analysis of en-riched phosphopeptides was carried out using a reverse-phase liquid chromatography system interfaced with an LTQ-Orbitrap Velos mass spectrometer (Thermo Fisher Scientific). The peptides were loaded onto an analytical column (10 cm ϫ 75 m, Magic C18 AQ 5 m, 120 Å) in 0.1% formic acid and eluted with a linear gradient from 5 to 60% ACN. For the analysis of phosphotyrosine peptides, Fourier transform mass spectrum (FTMS) was used for precursor scans in the range of 350 -1800 m/z at 60,000 resolution on an Orbitrap analyzer. Ten most abundant precursor ions from a survey scan were selected for CID fragmentation (isolation width of 1.90 m/z; 30% normalized collision energy and activation time of 10 ms were allowed). For the analysis of TiO 2 enriched phosphopeptides, FTMS were acquired in the range of 350 -1800 m/z at 30,000 resolution on an Orbitrap analyzer. Ten most abundant precursor ions from a survey scan were selected for HCD fragmentation (isolation width of 1.90 m/z; 35% normalized collision energy and activation time of 0.1 ms were allowed) and MS2 spectra were acquired at 15,000 resolution at 400 m/z on the Orbitrap analyzer.
Mass Spectrometry Data Analysis-Proteome Discoverer (v 1.4; Thermo Fisher Scientific) suite was used for quantitation and database searches. The tandem mass spectrometry data were searched using SEQUEST HT algorithms against a Human RefSeq database (v59 containing 33,249 entries) supplemented with frequently observed contaminants. Trypsin was specified as the protease and a maximum of two missed cleavages were allowed. The search parameters included carbamidomethylation of cysteine as a static modification; oxidation at methionine, phosphorylation at serine, threonine and tyrosine and SILAC labeling 13 C 6 , 15 N 2 -lysine; and 13 C 6 , 15 N 4 -arginine as dynamic modifications. The MS tolerance was set at 10 ppm and MS/MS tolerance was set at 0.5 Da for the analysis using CID fragmentation method and 0.05 Da for the analysis using HCD fragmentation method. The relative abundance of phosphopeptides was quantitated based on the area under the MS peaks using the quantitation node in Proteome Discoverer. The Percolator algorithm (29) in Proteome Discoverer was used to filter peptide spectrum matches at a false discovery rate Ͻ1% using q-values. The probability of phosphorylation for each Ser/Thr/Tyr site on each peptide was calculated by the phosphoRS algorithm. Phosphorylation sites were assigned based on the phosphoRS probability Ն75% threshold. In the phosphotyrosine antibody enriched experiments, if the phosphoRS probabilities of ambiguous sites are equal for tyrosine and serine/threonine residues, phosphorylation was assigned onto the tyrosine residue. We averaged the intensities of phosphopeptides identified from the two biological replicates. We chose a twofold cut off to consider peptides as hyperphosphorylated and a 0.5-fold for peptides to be considered as hypophosphorylated. The relative ratio was calculated by dividing the intensity of each phosphorylated peptide over the average intensity of the corresponding peptide and used for plot. The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium (http://proteomecentral. proteomexchange.org) via the PRIDE partner repository.
Matrigel Invasion Assays-Cells were washed once with PBS, detached using trypsin (Life Technologies) and 5 ϫ 10 4 cells were seeded into Biocoat matrigel invasion chambers (BD Biosciences, San Jose, CA) in RPMI 1640 media supplemented with 1% FBS. RPMI 1640 media supplemented with 10% serum was added in the lower wells as chemoattractant. After 24 h, matrigel and the cells retained in the invasion chamber were removed with cotton swab and the filter membranes were fixed with 4% formalin and stained with DAPI (Invitrogen). The number of cells that penetrated through the matrigel and membrane was counted for ten randomly selected viewing fields at 20ϫ magnification.
MTT Cell Proliferation Assay-MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assays were performed to measure the cell proliferation. For validation of tamoxifen resistance of MCF7-TamR cells, both MCF7-TamR and MCF7-CTRL cells were seeded in a 96-well plate at a density of 2000 cells/well with the treatment of different concentrations of tamoxifen or 0.1% ethanol. For siRNA knockdown experiments, cells were transfected with different siRNAs in a 96-well plate. Cells were left to grow for 5-7 days before the MTT assay. 1 mg/ml MTT in growth media was added into each well and the plate was incubated for two hours in 37°C. Media was then removed and 100 l of DMSO and ethanol (1:1 by volume) was added into each well. The plate was then read for absorption at 530 nm on a microplate reader.
Immunofluorescence Staining-MCF7-CTRL and MCF7-TamR cells were seeded in 8-well chamber slides with 5% RPMI 1640 medium. After 2 days, cells were fixed with 5% formalin and permeabilized with 0.1% triton X-100. Fixed cells were blocked with 5% BSA in PBS-T and stained with anti-pY402 FAK2 (Thermo Fisher Scientific, 44 -618A1) antibody conjugated with Alexa Fluor® 488. Nuclei were stained with DAPI. The staining was observed using Nikon Eclipse TE2000 microscope under 60x objective lens and images were taken using the EZ-C1 software. Foci were counted using 5 random fields and more than 20 cells were counted for each cell line.
In Vivo Tumor Xenograft Assays-Xenograft assays in NCr-nu/nu or NOD scid gamma (NSG) mouse were performed as previously described (30) . Briefly, four to 6 week old female mice were embedded under the skin with either one estrogen pellet alone or one estrogen pellet along with one tamoxifen pellet 3 days prior to the cancer cell transplantation. MCF7-CTRL or MCF7-TamR cells were resuspended in matrigel:PBS (1:1 volume). 1 ϫ 10 6 cells of each type of cell lines were injected onto the mammary gland fat pads of mice at two sites per mouse. To test the small molecule inhibitor, PF562271 (Selleckchem, Houston, TX), 1 ϫ 10 6 of MCF7-CTRL or MCF7-TamR cells were transplanted onto the mammary gland fat pads of each NSG mice previously embedded with one tamoxifen pellet. When the tumor became palpable, 10 l of 0.25 M PF562271 or DMSO was administrated intratumorally at each tumor site. Tumor growth was measured two times a week. At the end of the experiment, mice were sacrificed for tissue analysis. All procedures were approved by Johns Hopkins University institutional Animal Care and Use Committee and were performed in accordance with the Animal Welfare Act regulations.
RESULTS

Establishment and Characterization of Tamoxifen-resistant MCF7 Breast
Cancer Cells-In order to identify phosphorylation regulated signaling changes in tamoxifen resistant breast cancers, we first generated tamoxifen resistant MCF7 breast cancer cells (MCF7-TamR) with long-term treatment of 1 M tamoxifen for more than 6 months. In parallel, another set of MCF7 cells were treated with 0.1% ethanol as vehicle control cells (MCF7-CTRL). To assess the tamoxifen resistance developed in MCF7-TamR cells, we performed proliferation assays using the MCF7-TamR and MCF7-CTRL cells with treatment of different concentrations of tamoxifen. We found that MCF7-TamR cells grew ϳ25% slower than MCF7-CTRL cells in the absence of tamoxifen treatment (Fig. 1A) . However, inhibition induced by tamoxifen was dramatically attenuated in MCF7-TamR cells compared with MCF7-CTRL cells (Fig.  1A) . We then subcutaneously transplanted MCF7-TamR cells and MCF7-CTRL cells into immunocompromised mice with the supplement of E2 pellets or E2 with tamoxifen pellets. We demonstrated that MCF7-TamR cells exhibited resistance to tamoxifen in vivo and formed significantly larger tumors than MCF7-CTRL control cells (Fig. 1B) . Thus we show that we have established a tamoxifen-resistant cell line that appears to reflect hormone resistance acquired by tumors in patients treated with tamoxifen.
Phosphoproteomic Analysis of Tamoxifen Resistant MCF7 Cells-Deregulation of kinase-mediated protein phosphorylation signaling pathways has been demonstrated to be involved in tumor progression and resistance to therapy (31) . Given the central role of protein kinases in cell signaling networks, phosphoproteomic profiling is an ideal approach to identify activated kinase pathways and to discover therapeutic candidates for tamoxifen resistant breast cancers. To survey the phosphoproteome alterations in tamoxifen resistant cells, we first compared protein tyrosine phosphorylation levels of MCF7-CTRL with MCF7-TamR cells using anti-phosphotyrosine (anti-pTyr) antibody. As shown in Fig. 1C , the phosphotyrosine level of MCF7-TamR cells is significantly elevated compared with MCF7-CTRL cells. This suggests that activation of tyrosine kinases and their downstream signaling pathways is important for developing resistance to tamoxifen treatment.
To systematically and quantitatively interrogate the phosphorylation signaling alterations that occur in the development of tamoxifen resistance, we used stable isotope labeling by amino acids in cell culture (SILAC) (32) based quantitative phosphoproteomic approach that combined two different phosphopeptide enrichment methods with high-resolution mass spectrometry (Fig. 2) . Heavy-labeled MCF7-CTRL cells and light-labeled MCF7-TamR cells were lysed, mixed and digested with trypsin. In order to interrogate the observed elevation in tyrosine phosphorylation in MCF7-TamR cells, we performed antibody-based phosphotyrosine peptide enrichment. In addition, we also employed the TiO 2 -beads enrichment method to enrich for phosphoserine/threonine peptides in order to obtain the global phosphorylation profiles for both the resistant and sensitive cell lines. We performed biological replicate experiments to increase the reliability of our phosphoproteomic analyses. The mass spectrometry data were processed and searched against databases using SEQUEST-HT algorithms through the Proteome Discoverer platform. Using a false discovery rate (FDR) cutoff of 1%, the Percolator algorithm generated 23,798 phosphopeptide spectrummatches. The probability of phosphorylation for each Ser/Thr/ Tyr site on each peptide was calculated by the phosphoRS algorithm. Overall, we identified 5640 unique phosphopeptides derived from 2189 proteins. 477 of these were tyrosine phosphorylated peptides derived from 329 proteins, and ϳ90% (427) of them were identified through the antibody based phosphotyrosine peptide enrichment. In addition, we identified 4723 peptides with serine phosphorylation and 599 with threonine phosphorylation (Fig. 3A) . Most of the phosphopeptides were singly or doubly phosphorylated (supple- Workflow of phosphoproteomic profiling of tamoxifen-resistant and sensitive cell line. MCF7 tamoxifen-resistant (MCF7-TamR) cell line was labeled with light amino acids and MCF7 tamoxifen-sensitive control (MCF7-CTRL) cell line was labeled with heavy amino acids, mixed in equal amounts, digested with trypsin and subjected to either anti-phosphotyrosine antibody enrichment or strong cation exchange (SCX) fractionation prior to TiO 2 -based phosphopeptide enrichment. The enriched phosphopeptides were then subjected to LC-MS/MS analysis.
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mental Tables S1-S3). The SILAC ratios (MCF7-TamR cells versus MCF7-CTRL cells) of phosphopeptides obtained from the two replicate experiments showed a strong positive correlation (r ϭ 0.80) for two independent biological replicates (Fig. 3B) .
The relative abundance of phosphopeptides was quantitated based on the area under the MS peaks using the quantitation node in Proteome Discoverer. We found phosphorylation levels of 1529 peptides were increased (Ͼtwofold) in MCF7-TamR cells compared with MCF7-CTRL cells (Fig. 3C) . Among them, 187 up-regulated phosphopeptides were identified in phosphotyrosine antibody based enrichment and 1342 were identified in TiO 2 based enrichment. 409 peptides exhibited decrease in phosphorylation (Ͻ0.5-fold) in MCF7-TamR cells compared with MCF7-CTRL cells. Of these, 76 were identified from phosphotyrosine antibody enrichment and 333 were identified from TiO 2 based enrichment. These differentially phosphorylated peptides correspond to 1050 proteins. Of these, 850 proteins showed up-regulation in phosphorylation levels in MCF7-TamR cells, and 233 proteins showed down-regulation in phosphorylation levels in MCF7-TamR cells. 33 proteins contained both up-and down-regulated phosphorylation sites. These results are consistent with our phosphotyrosine immunoblot observation, where we saw substantial and global elevation of protein phosphorylation in MCF7-TamR cells (Fig. 1C) . This suggests that there is a robust activation of kinases in the MCF7-TamR cells which could contribute to the development of resistance.
Pathway Analysis to Identify Activated Pathways Involved in Tamoxifen
Resistance-To better understand the signaling pathways involved in tamoxifen resistance, we performed a KEGG pathway analysis using an integrated online functional annotation tool, DAVID, for the proteins with increased phosphorylation in MCF7-TamR cells. This analysis revealed that several tyrosine kinase-mediated signaling pathways, such as focal adhesion kinase, ERBB, neurotrophin and insulin signaling pathways, are highly enriched in MCF7-TamR cells (Fig.  3D) . Some of these signaling pathways such as focal adhesion (33, 34) , MAPK (35, 36) , ERBB (15, 37, 38) and insulin signaling pathways (39) have been reported to be activated and contribute to the development of resistance to tamoxifen. Significantly, multiple pathways regulating cell migration/invasion including actin cytoskeleton regulation, focal adhesion and tight junction signaling pathways, were also found to be enriched in MCF7-TamR cells (Fig. 3D) . This suggests that, in addition to developing resistance to tamoxifen, MCF7-TamR cells also acquired a migration/invasion advantage. In support of this, we observed that the MCF7-TamR cells form more invadopodia-like structures compared with the MCF7-CTRL cells (Fig. 3E) . We then performed matrigel invasion assay and found that MCF7-TamR cells are significantly more invasive than MCF7-CTRL cells (Fig. 3F ). These observations thus support our phosphoproteomic data reflecting changes consistent with increased motility in tamoxifen resistant cells. The increase of invasiveness and morphological changes imply that the MCF7-TamR cells might have undergone epithelialmesenchymal transition (EMT) during the development of resistance to tamoxifen. However, when we examined the key regulators and markers of EMT, we did not observe significant expression changes of most EMT markers between the two cell lines, including TCF8, vimentin, ␤-catenin, E-cadherin, ZO-1 and N-cadherin. We did however observe up-regulation of SLUG and CLAUDIN1 and down-regulation of SNAIL (supplemental Fig. S1 ). These results suggest that development of tamoxifen resistance in MCF7 cells could be accompanied by EMT-like changes but the transition was not complete.
Activation of Focal Adhesion Kinases in Tamoxifen
Resistant MCF7 Cells-One of the top most enriched signaling pathways as revealed by our analysis is the focal adhesion pathway. 31 proteins in this pathway showed regulation of phosphorylation levels in the MCF7-TamR cells. Twentyseven of these proteins were hyperphosphorylated and four were hypophosphorylated (Table I ). The hyperphosphorylated proteins include both of the focal adhesion kinases, PTK2 (FAK1) and PTK2B (FAK2), their upstream kinase, SRC and multiple downstream substrates and interaction partners including Shc, p130Cas, Paxillin and Talin (Fig. 4A) . The representative MS spectra of up-regulated phosphopeptides belonging to key proteins in focal adhesion pathway are depicted in Fig. 4B-4E . Our phosphoproteomic data are consistent with studies reported by different groups showing that SRC and FAK1 kinases were activated in tamoxifen resistant breast cancer cells and inhibition of these kinases could suppress the proliferation and migratory ability of tamoxifen resistant cells (33, 34) . Another member of the focal adhesion complex, p130Cas, encoded by the BCAR1 gene, has been shown to be up-regulated in breast cancer with tamoxifen resistance and is associated with increased relapse and aggressiveness of the disease (40, 41) . As a scaffolding protein, p130Cas can be phosphorylated by multiple kinases including SRC, FAK1 and FAK2. Phosphorylation of p130Cas regulates its interaction with many of its downstream partners (42) . For instance, p130Cas can be tyrosine phosphorylated by SRC and reciprocally, p130Cas can elevate SRC kinase activity (43, 44) . Tyrosine phosphorylation of p130Cas by SRC can also be enhanced by the docking of both p130Cas and SRC to focal adhesion kinases (45) . Further, the interaction between p130Cas, SRC and focal adhesion kinases can promote survival and migration of breast cancer cells with tamoxifen resistance (46, 47) .
In order to confirm the activation of SRC-FAK signaling pathway in the MCF7-TamR cells, we performed Western blot analyses to examine the phosphorylation levels of the key kinases SRC, FAK1, and FAK2, and downstream protein Paxillin. We observed significant elevation of phosphorylation of SRC Y416, FAK1 Y576/Y577, FAK2 Y402, and Paxillin Y118 in tamoxifen resistant cells (Fig. 5A) . Notably, short-term treatment with tamoxifen did not affect the phosphorylation levels of these signaling proteins in either MCF7-CTRL or MCF7-TamR cells, and these proteins retained hyperphosphorylation in MCF7-TamR cells even without tamoxifen treatment. This suggests that the increase in phosphorylation is stable and developed during the long-term exposure to tamoxifen. Interestingly, FAK2 also had a concomitant increase in protein expression levels in the MCF7-TamR cells compared with MCF7-CTRL cells (Fig. 5A) . When we examined FAK2 expression in cells with different exposure time to tamoxifen, we observed that FAK2 expression level gradually increased dur-ing the development of tamoxifen resistance (Fig. 5B) . We sought to investigate whether the up-regulation of FAK2 expression was at the transcriptional or post-transcriptional level. Our quantitative real-time RT-PCR result showed that FAK2 mRNA level increased by more than 10-fold in MCF7-TamR cells compared with MCF7-CTRL cells (Fig. 5C) .
As a member of the focal adhesion kinase family, FAK2 has been reported to be mainly localized at the focal adhesions and nuclei of cells (48) . Autophosphorylation at tyrosine residue Y402 activates FAK2, which then functions as a docking site for the SH2 domain of Src (49) . In order to further interrogate the activation status of FAK2 in MCF7-TamR cells, we performed immunofluorescence staining of the active form of FAK2 (pY402 FAK2). As demonstrated in Fig. 5D , we observed similar cytoplasmic staining patterns of pY402 FAK2 in both MCF7-CTRL and MCF7-TamR cells. However, there was a substantial increase in the staining of foci on the periphery of MCF7-TamR cells compared with MCF7-CTRL cells. Quan- tification of these focal adhesions revealed an increase of ϳfivefold in MCF7-TamR cells than in MCF7-CTRL cells (p Ͼ 0.001) (Fig. 5E ). Taken together, this suggests that transcriptional up-regulation and overexpression of FAK2 could play a critical role in the development of tamoxifen resistance, and suppression of FAK2 could potentially reverse the resistance to tamoxifen.
Targeting FAK2 to Suppress Proliferation of Cells with Tamoxifen Resistance-In order to evaluate the role of FAK2 in the development of tamoxifen resistance, we performed siRNA-mediated knockdown to specifically suppress FAK2 expression. Fig. 6A shows that FAK2 knockdown effectively inhibited FAK2 expression in both MCF7-CTRL and MCF7-TamR cells. We found that knockdown of FAK2 significantly reduced the proliferation of MCF7-TamR cells (Fig. 6B) . Interestingly, knockdown of FAK2 also suppressed the growth of MCF7-CTRL cells and sensitized these cells to tamoxifen even further. We next examined the effect of suppressing FAK2 on signaling molecules downstream of the focal adhesion pathway. Remarkably, knockdown of FAK2 with two different sets of siRNAs reduced the phosphorylation of FAK1 and Paxillin but not SRC (Fig. 6C) , suggesting that overexpression of FAK2 is pivotal in the activation of focal adhesion signaling pathway in MCF7-TamR cells.
In order to determine the therapeutic potential of targeting focal adhesion pathway in tamoxifen resistant breast cancer, we employed a potent pan-FAK selective pharmacological inhibitor, PF562271. PF562271 has been selected for clinical trials in patients with pancreatic, head and neck, and prostatic neoplasms (50). We performed proliferation assays to assess the IC 50 of PF562271 in MCF7-CTRL or MCF7-TamR cells and found that MCF7-TamR cells were four times more sensitive to PF562271 than MCF7-CTRL cells (Fig. 6D) . This suggests that activation of focal adhesion pathway significantly contributes to Finally, we sought to examine whether FAK2 expression correlated with clinical outcomes in patients with ERϩ breast cancers. A publicly available gene expression database (51) of tumors from breast cancer patients was used for this survival analysis. We focused our analysis on 657 ERϩ tumors treated with tamoxifen-based therapy. We found that high expression level of FAK2 is significantly associated (p ϭ 0.021) with poorer outcomes of these patients (Fig. 6F) . These clinical data suggest that FAK2 is a potential target of relevance to aggressive clinical behavior and hormone resistance in breast cancer.
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DISCUSSION
Tamoxifen resistance remains a major challenge in current breast cancer management. Unveiling druggable protein targets that are critical for ERϩ breast cancer cells to evade the inhibitory effects of endocrine therapy is an urgent and unmet need for developing novel therapeutic options to benefit patients with hormone refractory breast cancer. In this study, we employed SILAC labeling based LC-MS/MS proteomic approaches to comprehensively profile the phosphoproteome of MCF7 cells with tamoxifen resistance. We applied two phosphopeptide enrichment methods to identify and quantify alterations in serine, threonine and tyrosine phosphorylated peptides. This strategy allowed us to decipher signaling pathway changes at a much greater depth compared with other published studies (21, 22) . With this comprehensive phosphoproteome profiling, we discovered for the first time, substantial and global elevation of protein phosphorylation in MCF7 tamoxifen resistant cells, strongly implicating that a number of kinases are activated in these cells. Our pathway analysis identified multiple crucial kinase-mediated signaling pathways to be hyperactive in tamoxifen resistant cells, including MAPK, ERBB, insulin and FAK signaling pathways. Our findings support previous reports and offer a more global and complete view of these activated pathways. For instance, in addition to BRAF and multiple MAP kinases, we also found 29 additional important signaling molecules in the MAPK signaling network to be regulated in tamoxifen resistant cells.
Previous studies have shown that the SRC and FAK signaling pathway were activated during the progression of hormone dependent breast cancer (33, 34) . However, the mechanism of activation of SRC and FAK signaling has not been fully elucidated. In our study, both SRC and FAK1 were identified to be hyperphosphorylated in tamoxifen resistant cells. Moreover, several SRC and FAK substrates including SHC, Paxillin and BCAR1 and many downstream proteins were also found to be hyperphosphorylated in these cells. Most importantly, for the first time, we showed that FAK2 was transcriptionally overexpressed and hyperphosphorylated in tamoxifen resistant cells. Inhibition of FAK2 with small molecule inhibitor or specific siRNA significantly suppressed cell growth and tumor formation of resistant cells. We also demonstrated that specific siRNA targeting FAK2 substantially reduced the protein phosphorylation level of FAK1 and Paxillin, suggesting that FAK2 is a key kinase modulating the focal adhesion pathway. Our patient survival analysis using breast cancer expression database showed that high expression of FAK2 is associated with a significant decrease in the survival of ERϩ patients on tamoxifen treatment, suggesting the clinical importance of FAK2 in this disease.
In summary, we show through our phosphoproteomic approaches that multiple kinase-mediated signaling pathways are activated in tamoxifen resistant cells. Our in vitro and in vivo functional studies demonstrated that the tyrosine kinase FAK2 plays a pivotal role in the development of resistance to tamoxifen and could potentially be a novel therapeutic target for this disease. However, given the complexity of signaling pathways and tumor heterogeneity, these discoveries require further testing and validation in larger cohorts of patients. Because our study was performed on one cell line, further investigation is needed to support the broader applicability of our findings. In particular, the exact mechanisms underlying FAK2 up-regulation and activation in tamoxifen resistant tumors and the efficacy of inhibition of FAK2 in pre-clinical and clinical settings need to be further investigated.
